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A Cellular Mechanism for Prepulse Inhibition
al., 2001; Geyer et al., 2001). Little is yet known, however,William N. Frost,1,* Li-Ming Tian,2
Travis A. Hoppe,2 Donna L. Mongeluzi,2 regarding the physiological properties of the inhibitory
mechanisms involved. With this aim in mind, we recentlyand Jean Wang1
1Department of Cell Biology and Anatomy developed a PPI paradigm in the marine mollusk Tritonia
diomedea (Mongeluzi et al., 1998), an animal well suitedFinch University of Health Sciences
The Chicago Medical School for investigating neurophysiological mechanisms. In this
paradigm, a brief tactile skin prepulse inhibits the ani-3333 Green Bay Road
North Chicago, Illinois 60064 mal’s startle response (escape swim) to a closely follow-
ing tail shock. Here we report that this example of PPI2 Department of Neurobiology and Anatomy
The University of Texas Medical School at Houston involves presynaptic inhibition of the afferent neurons
mediating the startle response, reinforced by a distrib-P.O. Box 20708
Houston, Texas 77225 uted postsynaptic inhibition onto several downstream
levels of the startle circuitry.
Summary Results
In prepulse inhibition (PPI), startle responses to sud- PPI in Tritonia
den, unexpected stimuli are markedly attenuated if Sudden contact with aversive stimuli, such as salt, elec-
immediately preceded by a weak stimulus of almost tric shock, or the tube feet of its natural seastar predator
any modality. This experimental paradigm exposes a Pycnopodia helianthoides, causes Tritonia diomedea to
potent inhibitory process, present in nervous systems launch its stereotypic escape response, consisting of
from invertebrates to humans, that is widely consid- a series of alternating ventral and dorsal whole-body
ered to play an important role in reducing distraction flexions. This startle response can be completely
during the processing of sensory input. The neural blocked using a PPI paradigm modeled after those used
mechanisms mediating PPI are of considerable inter- in vertebrates (Mongeluzi et al., 1998). A behavioral dem-
est given evidence linking PPI deficits with some of onstration of PPI in Tritonia is shown in Figure 1. Ten
the cognitive disorders of schizophrenia. Here, in the animals were given four consecutive tail shocks, sepa-
marine mollusk Tritonia diomedea, we describe a de- rated by 5 min. The first and last trials consisted of the
tailed cellular mechanism for PPI—a combination of tail shock alone and caused animals to swim in all cases.
presynaptic inhibition of startle afferent neurons to- On the second and third trials, a 100 ms, 60 Hz vibrotac-
gether with distributed postsynaptic inhibition of sev- tile stimulus was delivered, in random order, 120 ms
eral downstream interneuronal sites in the startle and 20 s before the tail shock, respectively. The prepulse
circuit. delivered at the shorter interval consistently prevented
the swim response to tail shock (Figure 1; 2(3)  30.0;
Introduction p 0.001), whereas the prepulse delivered at the longer
interval had no inhibitory effect. A prior study using a
Strong, unexpected stimuli elicit startle responses in all similar paradigm showed that this inhibition lasts ap-
animals, from invertebrates to humans (Eaton, 1984). proximately 2.5 s and has the paradigmatic features of
In spite of their robustness and adaptive significance, vertebrate PPI (Mongeluzi et al., 1998).
startle responses can be markedly attenuated if closely
preceded by a weak stimulus of almost any sensory The Prepulse Acts to Hyperpolarize Two Cell
modality. This phenomenon, termed prepulse inhibition Types in the Swim Circuit
(PPI), exposes a potent inhibitory brain process believed Our first step in seeking the cellular mechanism mediat-
to protect the processing of an initial sensory stimulus ing PPI was to survey the known swim circuit for neurons
from disruption by closely following stimuli (Braff et al., receiving hyperpolarizing inhibition in response to the
2001; Graham, 1992; Hoffman and Ison, 1992). prepulse. To do this, we used a semiintact preparation
Several studies have now shown that schizophrenics that allows intracellular recording from swim circuit neu-
exhibit abnormally low levels of PPI (reviewed in Braff rons while administering tactile stimuli to the skin. The
et al., 2001; Geyer et al., 2001), leading to widespread known Tritonia escape swim circuit consists of five lay-
speculation that this sensory gating deficit may contrib- ers of cells organized into nine distinct cell types, com-
ute causally to certain cognitive features of the disease. prising an unbroken series of monosynaptic connec-
If this is the case, deciphering the neural mechanisms tions from the afferent to the efferent neurons (Figure
mediating PPI may facilitate the development of im- 2A). We sampled the responses of all nine cell types to
proved treatments for schizophrenia. tactile skin stimulation (n  40 preparations). As illus-
Most cellular studies of PPI have focused on locating trated in Table 1, most cell types were either excited or
brain regions mediating the inhibition (Fendt et al., 2001) gave no consistent response to tactile stimulation. Two
or on identifying the inhibitory neurotransmitters (Braff et cell types, however, the S cells and the DSI neurons,
received hyperpolarizing inhibition in response to stimu-
lation of most of the body surface. The S cells are the*Correspondence: wfrost@finchcms.edu
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Figure 1. Behavioral PPI
(A) Types and locations of stimuli used to
produce PPI; also shown is the receptive field
organization for an S cell excited by the pre-
pulse (, cell fires; , cell receives IPSPs).
(B) Ten animals were given four consecutive
tail shocks. All swam to tail shock alone. Ad-
ministering a 100 ms, 60 Hz vibrotactile pre-
pulse beginning 120 ms before tail shock on-
set blocked the swim response in all animals.
Extending the prepulse-tail shock interval to
20 s resulted in no inhibition.
centrally located afferent neurons for the swim response will be firing in the midst of a prepulse-elicited IPSP
barrage. We next tested whether this inhibitory input(Getting, 1976); the DSIs are part of the swim central
pattern generator (CPG) and also produce serotonergic affected the shape of orthodromic action potentials elic-
ited during the inhibition. In intact animal electrophysiol-neuromodulation of other cells in the same circuit (Katz
et al., 1994). See earlier publications (Frost et al., 2001; ogy preparations, S cells were penetrated with intracel-
lular electrodes, and their excitatory and inhibitoryGetting, 1983) for detailed descriptions of the Tritonia
swim circuit and its neurons. These experiments thus receptive fields were determined by probing the skin
with a handheld glass Pasteur pipette. A series of gentlerevealed two circuit loci where tactile prepulses might
act to produce PPI. We focused first on the S cell inhi- tactile stimuli was then applied to the cells’ excitatory
fields to elicit single orthodromic action potentials. Onbition.
alternate trials, these stimuli were delivered while the S
cells were receiving inhibitory input elicited by tactileThe Prepulse Shortens and Narrows the S Cell
Action Potential stimulation of their inhibitory receptive fields. We found
that such inhibitory input significantly affected the shapeAs had previously been reported (Getting, 1976), we
found that every one of the S cells tested had a restricted of incoming, orthodromic S cell action potentials. Spikes
elicited during the inhibition had a 6.0  1.0 mV shorterexcitatory receptive field on the animal’s body surface,
where tactile skin stimulation caused it to fire, and a peak membrane potential (t  6.3, p  0.001) and
20.9%  3.1% shorter duration (measured at their half-much larger inhibitory receptive field, where the same
stimulation triggered a barrage of fast inhibitory post- maximal amplitude, t 7.1, p 0.001) than when elicited
in the absence of inhibitory input (Figures 2C and 2D;synaptic potentials (IPSPs) onto the cell (Figures 1A
and 2B). eight cells, three preparations). For two of the S cells
in this experiment, the prepulse was the same 60 HzAs a consequence of this receptive field organization,
in our PPI protocol S cells excited by the startle stimulus vibrotactile skin stimulus used in the behavioral proto-
Figure 2. Tactile Prepulses Reduce the Am-
plitude and Duration of the S Cell Action Po-
tential
(A) The Tritonia escape swim circuit, including
the newly identified cells Pl 9 and Pl 10 and
their synaptic connections. Bars indicate ex-
citatory, black circles indicate inhibitory syn-
aptic connections. Synapses with combina-
tions of bars and lines produce multiple
component PSPs. Broken lines indicate indi-
rect synaptic connections, where the in-
tervening interneurons have not yet been
identified. In our PPI paradigm, the prepulse
and startle stimuli excite different members
of the S cell population. The  and  signs
indicate S cell responses to the prepulse
stimulus, as shown in panel (B). Presynaptic
inhibition is indicated by the placement of Pl
9 inhibitory synapses onto S cell excitatory
synapses. The S cell synapses are electrically
close to the soma; the exact location of the
Pl 9 inhibitory synapses on the S cell processes has not been determined. CPG neuron VSI-A is omitted from the diagram for simplicity.
(B) Response of two simultaneously recorded S cells to a tactile skin stimulus applied to the excitatory receptive field of S cell 1 () and the
inhibitory field of S cell 2 ().
(C) Inhibition of orthodromic S cell action potential amplitude by a tactile skin prepulse. Each action potential was elicited by a manually
delivered skin stimulus applied to the cell’s excitatory receptive field. In (Cii), this stimulus was preceded by a manually delivered tactile
stimulus applied to the cell’s inhibitory receptive field.
(D) A similar experiment as in (C), expanded to show that the prepulse both shortened and narrowed the S cell action potential.
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Table 1. Responses of Swim Circuit Neurons to Tactile Skin Stimulation in the Semiintact Preparation
Neuron # Preps # Cells Excited Inhibited No Response
S cella 26 33 1 29 3
Tr1 6 6 6 0 0
DRI 6 6 6 0 0
DSIa 30 35 6 18 7
C2 8 8 8 0 0
VSIA 3 3 0 0 3
VSIB 4 4 4 0 0
DFN 3 3 1 1 1
VFN 4 4 4 0 0
The low incidence of excitatory S cell responses reflects the relative sizes of the S cell excitatory versus inhibitory receptive fields (see Figure
1A). This experiment did not attempt to locate the excitatory receptive field. n  40 preparations.
aNeurons receiving significant hyperpolarizing inhibition to the stimulus.
col. In these cases, the inhibitory input caused 6.4 and excitatory interneurons that receive monosynaptic
EPSPs from the S cells and are responsible for swim10.5 mV reductions in spike amplitude and 26.7% and
37.9% reductions in spike duration, respectively. initiation (Figure 2A) (Frost et al., 2001; Frost and Katz,
1996). Although direct Pl 9 stimulation produces fast,
one-for-one IPSPs onto Tr1 and DRI, tactile prepulseIdentification of a Neuron, Pl 9, Mediating
the Prepulse-Elicited S Cell Inhibition skin stimuli nonetheless excite these neurons (Table 1)
because the inhibition is outweighed by a stronger excit-Inhibition of the S cell action potential by tactile stimuli
administered to the cells’ inhibitory receptive field sug- atory input coming from S cells activated by the pre-
pulse.gested a possible mechanism for PPI: prepulse-elicited
presynaptic inhibition of transmitter release from the Pl 9 is strongly excited by the 60 Hz vibrotactile skin
prepulse stimulus used in our behavioral protocol (Fig-startle-activated S cells, reducing their ability to elicit
the swim response. Presynaptic inhibition often involves ure 3D). In three semiintact preparations, Pl 9 responded
to this stimulus with a mean firing response of 19.3 reductions in presynaptic action potential amplitude and
duration (Rudomin and Schmidt, 1999; Watson, 1992) 4.7 spikes and a maximum rate of 26.8  1.7 Hz. Typi-
cally, the impaled Pl 9 fired one-for-one with nearly everyand commonly targets afferent neurons in both verte-
brate and invertebrate nervous systems (Watson, 1992). IPSP recorded in the S cells (Figure 3D), suggesting that
the Pl 9s are few in number. We have recorded from noOur first experimental test of this hypothesis was to
assess whether prepulse stimuli act to reduce S cell more than two Pl 9s on either side of the brain in any
one preparation. This prepulse-elicited S cell inhibitionsynaptic efficacy. This experiment was complicated,
however, by the fact that both the prepulse and startle lasted no more than a few seconds (Figure 3D), similar
to the duration of PPI itself, as measured in our priorstimuli activate different members of the same S cell
population, which then converge to excite a common behavioral study (Mongeluzi et al., 1998).
Given that Pl 9 mediates prepulse-elicited hyperpolar-interneuronal population (Figure 2A). As a consequence
of this connectivity, skin prepulses excite the same izing inhibition of the S cells, we next tested whether it
might also mediate the inhibitory effect of tactile pre-interneurons available as postsynaptic cells for tests of
synaptic efficacy of the startle-activated S cells (e.g., pulses on the S cell action potential. Pl 9 trains driven by
intracellular current pulses reduced the peak potential ofTr1 and DRI), thus obscuring the test EPSPs.
One way around this problem would be to replace the the S cell spike by 5.7  1.5 mV (t  3.80, p  0.01) and
reduced the duration of the spike at its half-maximumskin prepulse with direct stimulation of the inhibitory
interneurons mediating the prepulse-elicited inhibition, amplitude by 9.3% 3.5% (see Figure 5A, t 2.65, p
0.05, nine cells, five preparations, mean Pl 9 stimulationthereby avoiding activating S cells other than the one
whose synaptic efficacy is to be evaluated. A key finding rate  27.7 Hz).
was thus the discovery of a new neuron type mediating
this inhibition, here named Pl 9. “Pl 9” refers to one or Evidence that Pl 9 Mediates PPI
Our observations that Pl 9 is excited by tactile skintwo 70 m diameter cells located on each side of the
brain, one to two cell layers below the dorsal surface of stimulation and that intracellular stimulation of Pl 9 mim-
ics the inhibitory effect of skin prepulses on the S cellthe pleural ganglion, close to the position where Pleural
nerve 1 enters the ganglion (Figure 3A). Pl 9 can be action potential are consistent with Pl 9 having a role
in mediating PPI. To more stringently test this hypothe-identified in isolated brain preparations by first impaling
one or more S cells and then probing with another elec- sis, we conducted two further tests. First, we tested
whether intracellular stimulation of a single Pl 9 couldtrode for a cell below the surface that produces one-
for-one fast IPSPs onto the S cells and in turn receives block the neural correlate of the startle response—the
swim motor program. In this isolated brain experiment,monosynaptic EPSPs from them. Pl 9 appears to receive
direct EPSPs from most or all ipsilateral S cells (Figure intracellular electrodes were placed in Pl 9 and either
C2 or DSI. The latter two cells are members of the swim3B) and in turn produces direct IPSPs bilaterally onto
the entire S cell population (Figure 3C), as well as onto CPG and were used to monitor the occurrence of the
swim motor program. A suction electrode attached tothe Tr1, DRI, and VSI-B interneurons. Tr1 and DRI are
Neuron
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Figure 3. Properties and Potency of Pl 9
(A) Pl 9 cell injected with 5,6-carboxyfluorescein, showing its size and location in the lateral region of the dorsal pleural ganglion. Pd, Pedal
ganglion; Ce, Cerebral ganglion; Pl, Pleural ganglion.
(B) Pl 9 receives a monosynaptic EPSP from the S cells (recorded in high divalent cation saline).
(C) Intracellular stimulation of Pl 9 elicits monosynaptic IPSPs in the S cells.
(D) Response of Pl 9 and an S cell to the 60 Hz, 100 ms vibrotactile prepulse stimulus used in the behavioral experiment.
(E) Intracellular stimulation of a single Pl 9 is sufficient to block the nerve shock-elicited swim motor program. (Top pair) A 1 s, 10 Hz stimulus
to Pd Nerve 3 elicited a three cycle swim motor program. (Middle pair) Stimulating Pl 9 (20 Hz, 2 s) beginning 1 s before the nerve stimulus
blocked the motor program. (Bottom pair) Another nerve stimulus alone again elicited a swim motor program. The nerve stimuli occurred at
5 min intervals.
(F) Selective ablation of a single left Pl 9 eliminates PPI. (Top pair) (F1) Before killing the Pl 9 cell, a 10 Hz, 1 s stimulus to left PdN3 elicited
a three cycle swim motor program, recorded in a DFN-A flexion neuron. (F2) A skin shock prepulse (10 Hz, 1 s) beginning 1 s before the nerve
shock completely blocked the motor program. (Bottom pair) After killing Pl 9, the skin prepulse lost its ability to block the motor program.
Pedal Nerve 3 (PdN3; see Willows et al., 1973, for nomen- trial 2  0  0 cycles, and trial 3  3.0  0.3 cycles).
In a single semiintact preparation, we elicited three con-clature) was then used to elicit three swim motor pro-
grams (each elicited with a 10 Hz, 1 s train of 5 ms secutive swim motor programs with an aversive skin
stimulus—a large salt crystal pressed against the dorsalpulses) with an intertrial interval of several minutes. The
first and third trials consisted of the nerve stimulus skin. As with the previous experiment, Pl 9 stimulation
on trial 2 (5 s, 20 Hz) blocked the swim motor programalone, which always resulted in a swim motor program
recorded in the CPG neurons. On the second trial, Pl 9 (trial 1  3 cycles, trial 2  0 cycles, trial 3  4 cycles).
These experiments reveal a remarkable inhibitory po-was stimulated at 20 Hz, starting 0.5–1 s before and
ending either at the beginning (n 2 preps) or continuing tency for a single neuron—the firing of a single Pl 9 at its
physiological rate is sufficient to mediate PPI in Tritonia.throughout the 1 s nerve stimulus (n 3 preps). Remark-
ably, this stimulation of a single Pl 9 completely pre- In a second test of the hypothesis that Pl 9 mediates
PPI, we tested whether killing a single Pl 9 neuron wouldvented the nerve shock-elicited swim motor program in
all six preparations (Figure 3E; trial 1 3.2 0.2 cycles, reduce the ability of a prepulse to inhibit the swim motor
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program. In this semiintact animal experiment, the pre-
pulse was a 10 Hz, 1 s train of 5 ms pulses delivered
to the skin around the base of the left rhinophore, via
chlorided, teflon-coated silver wires inserted into the
skin. The startle stimulus was a 10 Hz, 1 s train of 5 ms
pulses delivered via suction electrode to the left PdN3,
which when administered alone elicited a swim motor
program in all cases. In all three preparations, delivering
the prepulse train 1 s before the start of the startle
stimulus blocked the swim motor program (Figure 3F,
top). In two of the preparations, we were able to suc-
cessfully locate Pl 9 and fill its soma and processes
with 5,6-carboxyfluorescein, after which the cell and
its processes were selectively killed by illuminating the
entire brain with 480 nm blue light for 90 min (see Experi-
mental Procedures for details). In both preparations,
killing a single Pl 9 eliminated the ability of the prepulse
to inhibit the swim motor program (Figure 3F, bottom).
These findings that Pl 9 is both necessary and sufficient
for PPI support the conclusion that this neuron is a key
cell mediating PPI.
Pl 9 Inhibits S Cell Synaptic Efficacy
How does Pl 9 produce such potent inhibition of the
swim motor program? In prior work, we have shown
that sensory input initiates the swim motor program by
polysynaptically exciting the DSI neurons of the swim
CPG (Frost et al., 2001; Frost and Katz, 1996; Figure
2A). We next tested whether Pl 9 blocks swim initiation
by inhibiting the ability of sensory information to reach
the CPG. In this isolated brain experiment, a suction
electrode was attached to PdN3, and intracellular elec-
Figure 4. Pl 9 Inhibits S Cell Synaptic Efficacy
trodes were placed in one Pl 9 and one DSI neuron.
(A) Reduction of the nerve shock-elicited sensory volley to the CPG.With the DSI held hyperpolarized, CPG input was elicited (Left) A 5 ms stimulus to PdN3 evoked a single action potential in
three times by delivering a single 5 ms pulse to PdN3. an S cell and a large compound EPSP in CPG neuron DSI. (Right)
For the middle test, this PdN3 stimulus was delivered The same test made during a 20 Hz Pl 9 train, elicited by intracellular
current pulses, significantly reduced the nerve-evoked EPSP.while driving Pl 9 at 20 Hz with intracellular pulses. Pl
(B) Reduction of the monosynaptic S cell connection. Tr1, an S cell,9 stimulation was found to produce a striking 70.6% 
and Pl 9 were impaled with intracellular electrodes. In each panel,15.0% reduction in the complex test EPSP in DSI com-
a single S cell action potential was elicited with a brief intracellularpared to trial 1 (Figure 4A, n  4 preps, p  0.05). On current pulse, resulting in a monosynaptic EPSP in Tr1. In the middle
the third trial, without Pl 9 stimulation, the EPSP was panel, this test was made during a 20 Hz Pl 9 train, which reduced
reduced by 16.2%  28.6% from its starting value, a the amplitude of the monosynaptic EPSP.
nonsignificant change. This result indicates that Pl 9
potently inhibits the ability of nerve-evoked sensory ac-
tivity to reach the CPG. that Pl 9 potently inhibited S cell synaptic efficacy within
the swim circuit, reducing the S cell monosynaptic EPSPWe next tested whether Pl 9’s ability to block swim
initiation might involve inhibition of the monosynaptic onto Tr1 by 69%  6% (Figure 4B, t  12.0, p  0.01,
five S cells, three preparations) and also onto DRI byconnections made by the S cells onto the swim initiation
neurons Tr1 and DRI, which route the S cell output to 69%  6% (t  11.0, p  0.01, three S cells, three
preparations). From these results we conclude that Plthe DSIs (Figure 2A). Intracellular electrodes were placed
in an S cell, Pl 9, and either Tr1 or DRI. This was a 9 blocks the swim motor program, at least in part, by
reducing the efficacy of the excitatory S cell synapsesdifficult experiment because Tr1, DRI, and Pl 9 are all
located out of sight below the surface (Frost et al., 2001; onto the interneurons that initiate the animal’s startle re-
sponse.Frost and Katz, 1996). Once the cells were all impaled,
2 ms intracellular current pulses were used to elicit three
test S cell action potentials, separated by 1–2 min, and Pl 9 Reduces S Cell Synaptic Efficacy
via Presynaptic Inhibition of S Cellthe resulting monosynaptic EPSPs were recorded in Tr1
or DRI. On the middle trial, the S cell action potential Transmitter Release
We next explored the mechanisms by which Pl 9 stimula-was elicited while driving Pl 9 with intracellular current
at 20–40 Hz. Pl 9 stimulation hyperpolarized both the tion so potently reduces S cell synaptic efficacy. One
likely factor is postsynaptic shunting of S cell inputs topre- and postsynaptic neurons via monosynaptic fast
IPSPs (Figure 4B). Comparing S cell EPSPs obtained the Tr1 and DRI neurons by Pl 9 IPSPs. Several observa-
tions indicate the latter to be conventional, increasedwith and without concurrent Pl 9 stimulation revealed
Neuron
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Figure 5. Pl 9 Reduces S Cell Synaptic Effi-
cacy via Presynaptic Inhibition
(A) Pl 9 stimulation acts to hyperpolarize the
S cell and shorten and narrow its action po-
tential. Three test orthodromic S cell action
potentials (i–iii) were elicited via single shocks
applied to Pedal nerve 3. In ii this was done
while driving Pl 9 at 40 Hz with intracellular
current pulses. (Pl 9 firing is not shown, but
its stimulus artifacts are visible in trace ii.)
(B) Pl 9 stimulation (20 Hz) reduces S cell input
resistance. Input resistance was measured
either with two electrodes (shown here; one
for passing current, one for measuring volt-
age; n 4) or with one bridge-balanced elec-
trode (n  3).
(C and D) Injecting hyperpolarizing current
into the S cell to mimic Pl 9’s hyperpolarizing
action produces a similar reduction of the S
cell action potential and synaptic strength.
In all cases, S cells were impaled with two
electrodes: one for passing current, the other
for measuring membrane potential.
chloride conductance IPSPs: (1) their reversal potential tions; mean Pl 9 stimulation rate  21.9 Hz). Such
presynaptic conductance increases can act to shunt theis a few millivolts more hyperpolarized than resting po-
tential; (2) they are readily flipped to depolarizing PSPs currents generating the action potential, reducing its
size and thereby reducing calcium entry and transmitterwhen either hyperpolarizing currents are injected into
the postsynaptic cell or when KCl rather than KAc is release (Baxter and Bittner, 1991; Cattaert and El Manira,
1999; Segev, 1990).used as an electrolyte; and (3) they are reversibly blocked
by 100 M d-tubocurarine (n  3 preparations, data As described earlier, in our PPI protocol the S cells
firing in response to the startle stimulus (tail shock) arenot shown). Curare has been shown to block chloride-
dependent increased conductance inhibitory potentials doing so from a hyperpolarized membrane potential pro-
duced by the prepulse. We next found that directly pro-produced by a number of transmitters in the marine
mollusk Aplysia (Carpenter et al., 1977). Such a shunting duced presynaptic hyperpolarization induced these
same inhibitory effects on the S cell action potential andeffect, together with the postsynaptic hyperpolarizing
action of the IPSPs, may act to reduce the effectiveness its synaptic efficacy—this time with no possibility of a
postsynaptic action, since the S cells are not electricallyof startle-elicited S cell EPSPs generated in these neu-
rons. However, as mentioned earlier, since we also find coupled to their target neurons. In this experiment, S
cells were penetrated with two electrodes, one for re-that skin prepulses actually excite both Tr1 and DRI
(Table 1) (by activating S cells with excitatory receptive cording voltage, the other for passing current. Another
electrode was placed in one of the Pl 5–8 cells to mea-fields at the stimulated site), the contribution of such
postsynaptic inhibition to PPI is difficult to evaluate. sure synaptic efficacy. We found that a 5 mV presynaptic
hyperpolarization (well within the range of hyperpolar-At the same time, several findings indicate that Pl 9
also acts presynaptically to inhibit transmitter release ization produced by tactile prepulses or Pl 9 stimulation)
from a mean 50.0  1.3 mV resting potential reducedfrom the S cells. First, Pl 9 produced a 53%  5%
inhibition of monosynaptic S cell EPSPs onto Pleural the S cell action potential amplitude and duration and
produced a 24.5% reduction in the S cell to Pl 5–8 EPSPcells 5–8, a group of four neurons located outside the
swim circuit (t  9.80, p  0.001, n  16 preparations; amplitude (n  13 S cells, six preparations, p  0.05).
Greater hyperpolarization resulted in progressivelysee Willows et al., 1973, for a description of these cells).
Pl 9 makes a slow excitatory but no inhibitory connection greater effects on both the spike and its EPSP (Figures
5C and 5D). Inhibition of transmitter release by presyn-to these postsynaptic cells and produced no change in
Pl 5–8 membrane potential or input resistance (p 0.05 aptic hyperpolarization has been shown to mediate pre-
synaptic inhibition in Tritonia (Slawsky, 1979) and sev-for both measures, n 6 preparations; mean Pl 9 stimu-
lation rate  23 Hz), consistent with a presynaptic site eral other organisms, both vertebrate and invertebrate
(Baxter and Bittner, 1991; Clarac and Cattaert, 1996;of action. Second, as shown earlier, Pl 9 stimulation
reduced both the amplitude and duration of the S cell Fuchs and Getting, 1980; Hue and Callec, 1983; Kretz
et al., 1986b; Nicholls and Wallace, 1978; Zoltay andaction potential (Figure 5A). Reductions in presynaptic
action potential size are known to reduce calcium entry Cooper, 1990). These findings indicate that the hyperpo-
larizing action of Pl 9 on S cells is sufficient to reduceand transmitter release in many cases of presynaptic
inhibition (Watson, 1992). Third, Pl 9 stimulation pro- S cell synaptic efficacy. Taken together, these findings
support the conclusion that PPI in Tritonia is mediatedduced a 51.8%  4.5% reduction in S cell input resis-
tance (Figure 5B, t  11.48, p  0.001, n  7 prepara- in part by prepulse-elicited presynaptic inhibition of the
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Figure 6. Properties and Potency of the Pl 10 Neuron
(A) Pl 10 injected with 5,6-carboxyfluorescein, showing its size and location in the lateral region of the dorsal pleural ganglion.
(B) Pl 10 receives a monosynaptic EPSP from the S cells, recorded here in high divalent cation saline.
(C) Intracellular stimulation of Pl 10 (20 Hz, 2 s) elicits indirect fast IPSPs onto DSI and a persisting slow IPSP which may or may not be
monosynaptic. Recorded in high divalent cation saline.
(D) Response of Pl 10 to a tactile skin stimulus.
(E) Intracellular stimulation of a single Pl 10 neuron blocks the nerve shock-elicited swim motor program. (Top pair) A 1 s 10 Hz stimulus to
Pd Nerve 3 elicited a three cycle swim motor program. (Middle pair) Stimulating Pl 10 (40 Hz, 0.5 s) starting 0.5 s before the nerve stimulus
blocked the motor program. (Bottom pair) A nerve stimulus alone again elicited a swim motor program. The nerve stimuli occurred at 4
min intervals.
afferent neurons conveying the startle stimulus to the Because the slow component could not be correlated
swim CPG, thus reducing their ability to activate the with individual Pl 10 action potentials in normal or high
swim motor program. divalent cation saline, we could not determine whether
it reflected a direct or indirect connection from Pl 10. Pl
10 was also found to produce a very large (several milli-Identification of a Neuron, Pl 10, Involved
volt) fast monosynaptic EPSP onto Pl 5–8 and a mono-in Prepulse-Elicited Postsynaptic
synaptic excitatory connection onto Pl 9 (data not shownInhibition of the DSIs
but indicated in Figure 2A). Based on these observa-In our initial survey of neuronal responses to tactile skin
tions, we categorize Pl 10 as an excitatory interneuronstimuli, we found that the majority of such tests pro-
that recruits an as yet unidentified inhibitory neuron ontoduced hyperpolarizing inhibition of a second site in the
the DSIs. Like Pl9, Pl 10 was excited by tactile skinswim circuit—the DSI neurons (Table 1). The serotoner-
stimulation (Figure 6D; six semiintact preparations). Ingic DSIs are key neurons in the animal’s escape response
addition, while Pl 10 did not directly inhibit the S cells,network. They make both conventional and neuromodu-
it did recruit Pl 9 IPSPs onto them via its direct excitatorylatory connections in the swim circuit (Katz et al., 1994)
connection to Pl 9 (Figure 2A, n  4 preparations, dataand mediate crawling as well as swimming (Popescu
not shown).and Frost, 2002). While intracellular stimulation of Pl 9
Like Pl 9, we found that using intracellular stimulationacted to hyperpolarize all S cells, it had no effect on the
to drive Pl 10 in a PPI-like paradigm blocked the abilityDSIs, indicating that the prepulse must act through other
of either nerve stimulation (n 3 isolated brain prepara-neurons to inhibit the DSIs.
tions) or salt applied to the skin (n 1 semiintact prepa-We identified a second new interneuron, Pl 10, that
ration) to elicit the swim motor program. In the isolatedplays a key role in this prepulse-elicited DSI inhibition
brain experiments, the first and third trials consisted of(Figures 2A and 6A). Pl 10 is similar in size to Pl 9 and
the nerve stimulus alone (10 Hz, 1 s, 5 ms pulses), whichis located below the surface in the same general area
always elicited a swim motor program. On the secondof the dorsal pleural ganglion (Figure 6A). All Pl 10 cells
trial, Pl 10 was stimulated at 20 or 40 Hz (mean  26.7examined (n 20 preparations) received a monosynap-
Hz) for 0.5–2 s, starting 0.5–2 s before the onset of thetic EPSP from the S cells that persisted in high divalent
nerve stimulus. In all cases, the Pl 10 train blocked thecation saline (Figure 6B). Intracellular stimulation of Pl
ability of the nerve shock to elicit the swim motor pro-10 elicited strong inhibitory input onto DSI (Figure 6C).
gram (Figure 6E; trial 1  2.5  0.3 cycles, trial 2  0 This connection consisted of an indirect fast IPSP (it
0 cycles, trial 3  2.5  0.3 cycles). Because Pl 10 isfailed to follow one-for-one in high divalent cation saline)
(Figure 6C), together with a slower IPSP that did persist. excited by the prepulse and can block the ability of a
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closely following nerve stimulus to elicit the swim motor nonstartle test stimulus. A recent electrophysiological
study of auditory forward masking concluded it to beprogram, it likely plays a role in mediating PPI. We have
not yet tested the effect of selective ablations of Pl 10 mediated by presynaptic rather than postsynaptic inhi-
bition (Brosch and Schreiner, 1997). Presynaptic mecha-on PPI as we did with Pl 9 (Figure 3F).
nisms were also concluded to underlie paired-pulse
suppression of electrophysiological responses to visualDiscussion
stimuli, where an initial visual stimulus inhibits the re-
sponse to a closely following stimulus (Nelson, 1991).Our results reveal two cellular mechanisms for PPI: pre-
Several studies (reviewed in Braff et al., 2001) havepulse-elicited presynaptic inhibition of the afferent neu-
now shown PPI to be deficient in schizophrenic patients,rons conveying the startle stimulus and postsynaptic
leading to widespread speculation that this sensory gat-inhibition distributed onto several downstream sites in
ing deficit may underlie some of the cognitive distur-the swim circuit. Two new interneurons, Pl 9 and Pl 10,
bances associated with this disease. This hypothesis iswere identified that mediate this inhibition. Pl 9 is an
supported by findings that the strength of PPI covariesinhibitory neuron that produces presynaptic inhibition
with the degree of both distractibility and thought disor-of the S cells and postsynaptic inhibition of Tr1, DRI,
der in schizophrenic patients (Karper et al., 1996; Perryand VSIB. Pl 10 is an excitatory interneuron that recruits
and Braff, 1994; Perry et al., 1999), as well as with mea-postsynaptic inhibition onto the DSIs. Pl 10 also excites
sures of “psychosis proneness” in normal subjectsPl 9, reinforcing the activity of this inhibitory system. This
(Schell et al., 1995; Simons and Giardina, 1992; Swerd-dual inhibitory system is surprisingly potent; intracellular
low et al., 1995). Further support comes from studiesstimulation of either Pl 9 or Pl 10 blocked the ability of
showing that certain antipsychotic drugs act to enhanceeither nerve or aversive skin stimuli to elicit the swim
PPI in both schizophrenic humans (Hamm et al., 2001)motor program. Furthermore, killing a single Pl 9 elimi-
and in animal models of the disease (Geyer et al., 2001).nated the ability of a skin stimulus to produce PPI, dem-
If presynaptic inhibition mediates PPI in humans, as itonstrating the important role played by this neuron.
appears to in Tritonia, the reduced PPI of schizophreniaIt is worth noting that the two circuit loci hyperpolar-
could originate from a deficiency of presynaptic inhibi-ized by the prepulse, the S cells and the DSIs, are partic-
tion in CNS circuits. While we are aware of no publishedularly appropriate target sites for inhibition. The S cells
studies supporting this hypothesis, two lines of evi-initiate the behavior, and the DSIs serve a dual func-
dence, while quite indirect, are at least consistent with it.tion—as members of the swim CPG and also as seroton-
First, schizophrenics exhibit impaired auditory forwardergic modulatory neurons that configure the resting
masking (Kallstrand et al., 2002), which as discussednetwork (which mediates crawling) (Popescu and Frost,
above, is phenomenologically similar to PPI and has2002) into a swim pattern generator (Katz and Frost, 1995a,
been reported to involve presynaptic inhibition (Brosch1995b, 1997; Katz et al., 1994; Popescu and Frost, 2002).
and Schreiner, 1997). Second, the antipsychotic halo-Reducing the effectiveness of these two circuit sites
peridol, which strengthens PPI in both schizophrenicwould be expected to reduce the ability of a skin stimu-
humans (Hamm et al., 2001; Weike et al., 2000) andlus to initiate the swim response.
animal models (Geyer et al., 2001; Martinez et al., 2002;Because the prepulse and startle stimuli both excite
Ouagazzal et al., 2001) and has well-characterized post-the S cells, they both activate the inhibitory circuitry
synaptic actions, has also been reported to enhancemediating PPI (see Figure 2A). This organization of the
presynaptic inhibition in the rat CNS (Calabresi et al.,inhibitory circuitry as an embedded component of the
1992). An implication of our hypothesis is that drugsoverall startle pathway is also a recognized feature of
designed to enhance presynaptic inhibition in the CNSPPI of vertebrate acoustic startle (Hoffman and Ison,
might be useful in the treatment of schizophrenia.1980; Leumann et al., 2001; Schicatano et al., 2000).
Significance of Presynaptic Inhibition Relationship to Other Examples
of Presynaptic Inhibitionas a Mechanism for PPI
These findings in Tritonia prompt the question of There are several known mechanisms mediating presyn-
aptic inhibition (Clarac and Cattaert, 1996; MacDermottwhether presynaptic inhibition also mediates PPI in ver-
tebrates. Given the well-known targeting of presynaptic et al., 1999; Miller, 1998; Rudomin et al., 1998; Rudomin
and Schmidt, 1999; Watson, 1992). The most commoninhibition onto afferent pathways, some have specu-
lated that presynaptic inhibition is ideally suited to pro- are those involving an increased conductance to chlo-
ride ions in the presynaptic neuron, as appears to betect the brain from being overwhelmed by sensory input
while processing stimuli (Rudomin and Schmidt, 1999). the case described here. In most instances, the chloride
conductance has been found to be depolarizing ratherInterestingly, this is just the function separately sug-
gested for PPI by those working on that sensorimotor than hyperpolarizing, because its reversal potential is
more positive than the resting potential. In the two best-gating paradigm (Hoffman and Ison, 1992; Braff et al.,
2001). While work on vertebrate PPI has yet to identify studied cases, presynaptic inhibition of the spinal cord
first afferent synapse and the crayfish motor neurona specific cellular mechanism, studies of other phenom-
enologically similar experimental paradigms involving axon, this depolarization is thought to increase steady-
state inactivation of voltage-dependent sodium chan-pairs of closely spaced stimuli have implicated presyn-
aptic inhibition as an underlying mechanism. For exam- nels, thereby reducing the size and/or duration of the
presynaptic action potential and hence transmitter re-ple, forward masking involves prepulse-elicited attenua-
tion of the perceived intensity of a closely following, lease. In some cases, the increased chloride conduc-
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tance also acts to shunt the currents giving rise to the PPI in Other Invertebrates
presynaptic action potential, reducing its size and thus Tritonia is the first invertebrate in which PPI has been
contributing to reduced release (Cattaert and El Man- formally described (Mongeluzi et al., 1998). We have also
ira, 1999). preliminarily described PPI of two defensive responses,
In cases where the chloride reversal potential is more inking and siphon withdrawal, in the marine mollusk
negative than the resting potential, its action is hyperpo- Aplysia californica (D.L.M., L.-M.T., and W.N.F., 1998,
larizing. In addition to the present example (see also Soc. Neurosci., abstract). Because of their exceptionally
Slawsky, 1979), several instances of hyperpolarizing tractable neural networks, invertebrate model systems
presynaptic inhibition have been described in both in- may be of significant use in characterizing electrophysi-
vertebrates and vertebrates (Baxter and Bittner, 1991; ological mechanisms mediating vertebrate PPI. In addi-
Clarac and Cattaert, 1996; Fuchs and Getting, 1980; Hue tion, studies of how these mechanisms can be modified
and Callec, 1983; Kretz et al., 1986b; Nicholls and Wal- in these simpler model systems may yield insights into
lace, 1978; Zoltay and Cooper, 1990). Hyperpolarizing how PPI becomes impaired in schizophrenia and how
presynaptic inhibition has been suggested to operate in such instances it might be therapeutically enhanced
via a direct effect of membrane potential on voltage- or restored.
dependent calcium channels (Kretz et al., 1986a; Sha-
Experimental Procedurespiro et al., 1980). We were able to replicate Pl 9’s inhibi-
tory action on the S cell action potential and transmitter
Animalsrelease by simply hyperpolarizing the presynaptic neu-
Animals were obtained from Living Elements, Vancouver, Britishron, indicating that Pl 9’s hyperpolarizing action is suffi- Columbia, or from divers collecting from the waters of Puget Sound,
cient to produce presynaptic inhibition in S cells. How- Washington. Animals were maintained at 11	C in recirculating sea-
ever, Pl 9 stimulation also substantially decreased S cell water systems at The Chicago Medical School and at ambient sea-
water temperature (11	C–13	C) at Friday Harbor Laboratories, Fridayinput resistance, which likely contributes to prepulse-
Harbor, Washington.elicited reduction of the S cell action potential via
shunting of the currents generating it.
Experimental PreparationsIn preliminary experiments, we have recently found
Three different electrophysiological preparations were used in thisthat skin prepulses applied to an S cell’s inhibitory re- study: an intact animal preparation, a semiintact preparation, and
ceptive field can also produce conduction block of in- an isolated brain preparation.
coming, startle-activated S cell potentials (A. Lee and Intact Animal Preparation
An incision was made in the dorsal skin overlying the brain, and aW.N.F., unpublished data), representing an additional,
set of hooks were attached around the edge of the opening. Threadspotent feature of presynaptic inhibition that may contrib-
fixed from the hooks to posts at the top of the chamber walls allowedute to PPI.
the opening to be maintained and the animal’s position to be stabi-
lized. A small wax-covered manipulator-mounted platform was posi-
Distributed Inhibition as an Organizational tioned beneath the brain, and stainless steel minuten pins (0.1 and
Scheme for PPI 0.2 mm thickness) were placed through the connective tissue to
Our finding that PPI in Tritonia involves distributed inhi- immobilize the brain against the platform. The sheath covering the
neurons on the dorsal surface of the fused cerebral and pleuralbition onto several sites in the swim circuit raises the
ganglia was then surgically removed. To expose the S cell clustersquestion of whether a similar distributed scheme might
in each pleural ganglion, the overlying TGN cells were mechanicallyunderlie vertebrate PPI. One site of prepulse-elicited
removed with forceps (Getting, 1976). The larger chamber was theninhibition identified within the vertebrate acoustic startle
perfused with seawater at ambient temperature (12	C); the brain
circuit is an inhibitory connection from neurons of the was additionally perfused with filtered seawater at 11	–12	C. The
pedunculopontine tegmental nucleus onto neurons of temperature near the brain was monitored in all experiments with
the caudal pontine reticular nucleus (PnC) (reviewed in a Physitemp Bat-12 thermometer connected to an IT-18 miniature
submersible probe.Fendt et al., 2001; Leumann et al., 2001). In the rat, the
Semiintact PreparationPnC consists of approximately 60 giant neurons that
Animals were anesthetized by injecting 60 ml of a solution composedreceive multimodal sensory input, including a direct in-
of half 350 mM MgCl2 and half artificial seawater (Instant Ocean,put from the cochlear root nucleus of the eighth nerve Aquarium Systems). A slit was cut in the animal’s ventral surface,
(Nodal and Lopez, 2003). The PnC in turn projects large, and the internal organs were removed. The body was then trans-
rapidly conducting axons to hundreds of interneurons ferred to a recording chamber in which it was positioned dorsal
and motor neurons that mediate the startle response. side up, with the brain exposed and stabilized on the Sylgard (Dow
Corning) surface of a 1 cm diameter post rising from the chamberPnC cells have been suggested to function as startle
floor. A thin cylindrical sleeve containing slits to allow the nervescommand neurons, akin to the command neurons that
passage was raised around the brain. The slits were then closedmediate startle responses in invertebrates and lower
with Vaseline, and the brain and body chambers were perfused
vertebrates (Yeomans et al., 2002). While to our knowl- separately with either Instant Ocean or artificial saline. Artificial sa-
edge additional inhibitory sites contributing to PPI of line consisted of 420 mM NaCl, 10 mM KCl, 10 mM CaCl2, 50 mM
acoustic startle have not yet been identified, research MgCl2, 10 mM HEPES (pH 7.6), and 11 mM D-glucose. The brain
on auditory forward masking has generated results con- chamber was initially perfused at 4	C while the ganglia of interest
were surgically desheathed. Following this, the brain was perfusedsistent with a Tritonia-like distributed inhibition scheme.
at 11	C for the duration of the experiment. The lower initial perfusionThus, sound prepulses have been reported to inhibit
temperature served to minimize neural activity during desheathing.neuronal responses to closely following sound pulses
Isolated Brain Preparation
at multiple brainstem sites in the auditory pathway, in- The brain, consisting of the fused cerebral-pleural ganglia and the
cluding the ventral and dorsal cochlear nuclei (Kalten- pedal ganglia (with the pedal-pedal commissure cut), was dissected
bach et al., 1993; Shore, 1998) and the primary auditory from the animal and pinned dorsal side up in a Sylgard-lined re-
cording chamber perfused with either Instant Ocean or artificialcortex (Brosch and Schreiner, 1997).
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saline at 4	C. After dissecting away the connective tissue sheath Carpenter, D.O., Swann, J.W., and Yarowsky, P.J. (1977). Effect of
curare on responses to different putative neurotransmitters incovering the cerebral-pleural ganglia, a polyethylene suction elec-
trode was attached to left or right pedal nerve 3 (PdN3; for nomencla- Aplysia neurons. J. Neurobiol. 8, 119–132.
ture, see Willows et al., 1973). The perfusion temperature was then Cattaert, D., and El Manira, A. (1999). Shunting versus inactivation:
raised to 11	C for the duration of the experiment. analysis of presynaptic inhibitory mechanisms in primary afferents
of the crayfish. J. Neurosci. 19, 6079–6089.
Electrophysiological Methods Clarac, F., and Cattaert, D. (1996). Invertebrate presynaptic inhibition
Intracellular recordings were made with 15–30 M
 glass electrodes and motor control. Exp. Brain Res. 112, 163–180.
filled with either 3 M KCl or 3 M KAc. Neurons were identified on
Eaton, R.C. (1984). Neural mechanisms of startle behavior (Newthe basis of soma location and coloration, synaptic interactions with
York: Plenum).other identified neurons, response to tactile stimulation, and activity
Fendt, M., Li, L., and Yeomans, J.S. (2001). Brain stem circuits medi-pattern during the swim motor program (Frost et al., 2001; Getting,
ating prepulse inhibition of the startle reflex. Psychopharmacology1983). Data were digitized at 1000–5000 Hz and analyzed with Bio-
(Berl.) 156, 216–224.pac MP150 and MP100 data acquisition systems.
Synaptic connections were considered monosynaptic if presyn- Frost, W.N., and Katz, P.S. (1996). Single neuron control over a
aptic action potentials produced one-for-one, constant-latency syn- complex motor program. Proc. Natl. Acad. Sci. USA 93, 422–426.
aptic potentials in the postsynaptic neuron that persisted in a high Frost, W.N., Hoppe, T.A., Wang, J., and Tian, L.-M. (2001). Swim
divalent cation solution. This solution consisted of 285 mM NaCl, initiation neurons in Tritonia diomedea. Am. Zool. 41, 952–961.
10 mM KCl, 25 mM CaCl2, 125 mM MgCl2, 10 mM HEPES (pH 7.6),
Fuchs, P.A., and Getting, P.A. (1980). Ionic basis of presynapticand 11 mM D-glucose. This solution has previously been shown to
inhibitory potentials at crayfish claw opener. J. Neurophysiol. 43,be effective at reducing the recruitment of polysynaptic pathways
1547–1557.in Tritonia (Katz and Frost, 1995b).
Getting, P.A. (1976). Afferent neurons mediating escape swimming
of the marine mollusc, Tritonia. J. Comp. Physiol. 110, 271–286.Selective Cell-Kill Procedure
A Pl 9 neuron was penetrated with a single barrel electrode con- Getting, P.A. (1983). Neural control of swimming in Tritonia. Symp.
taining a 5% solution of 5,6-carboxyfluorescein (Molecular Probes) Soc. Exp. Biol. 37, 89–128.
in 2 M potassium acetate. The dye was iontophoresed into the cell Geyer, M.A., Krebs-Thomson, K., Braff, D.L., and Swerdlow, N.R.
using 1 nA negative DC current for 25 min. The cell and its dye- (2001). Pharmacological studies of prepulse inhibition models of
filled processes were then selectively killed by irridatiating the entire sensorimotor gating deficits in schizophrenia: a decade in review.
brain with 480 nm blue light for 90 min (Kemenes et al., 1991), using Psychopharmacology (Berl.) 156, 117–154.
a Leica MZ FLIII fluorescence stereomicroscope equipped with a
Graham, F.K. (1992). Attention: the heartbeat, the blink, and theHBO 100 W light source and a Leica GFP2 filter set. This procedure
brain. In Attention and Information Processing in Infants and Adults:causes the membrane potential of dye-injected Tritonia neurons to
Perspectives from Human and Animal Research, B.A. Campbell, H.decline to zero within 20 min of light onset. No adverse effects of
Hayne, and R. Richardson, eds. (Hillsdale, NJ: Erlbaum).the light have been observed in neurons that don’t contain the dye.
Hamm, A.O., Weike, A.I., and Schupp, H.T. (2001). The effect of
neuroleptic medication on prepulse inhibition in schizophrenia pa-Data Analysis
tients: current status and future issues. Psychopharmacology (Berl.)Results are reported as means  SE. Data were analyzed with two
156, 259–265.types of statistical tests. For the behavioral PPI experiment, which
involved dichotomous nominal scale variables (i.e., whether or not Hoffman, H.S., and Ison, J.R. (1980). Reflex modification in the do-
animals swam), the Cochran Q test was used to test for overall main of startle: I. Some empirical findings and their implications for
differences, followed by Marasculio and McSweeney post hoc tests how the nervous system processes sensory input. Psychol. Rev.
for individual pairwise comparisons. Data from the cellular experi- 87, 175–189.
ments were analyzed with paired t tests. Hoffman, H.S., and Ison, J.R. (1992). Reflex modification and the
analysis of sensory processing in developmental and comparative
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